During FY-1973 , it was determined that in-service eddy current (ET) examination of IHX tubing might become necessary to provide: (1) a scheduled periodic method to monitor tube quality, and/or (2) reconnaissance examinations to locate leaking tubes for plugging, in response to independent evidence that excessive leakage had developed. Due to the uncertainties inherent in sodium removal and tube recertification procedures, it was considered desirable to be able to conduct in-service ET examinations after draining the sodium, but The purposes of this report are to: (1) record the results of the investigation into single and multi-frequency techniques; (2) to discuss the design criteria for necessary equipment such as probes, remote tube probing equipment, and physical standards; and (3) to suninarize conclusions reached on in-service ET examination of IHX tubing. * This investigation was completed prior to the recent eddy current testing of IHX tube bundles at a vendor's plant. The sample IHX tubing used in the investigation reported in this document was marked "PATCO SMLS-TP304 HEAT NO. C5112 A 213 AVE" and exhibited no significant magnetic indications or "ghosts". The probe used in straight tube sections was 0.750 ±0.002 inch in diameter and passed easily through the four tube-to-tube sheet weld samples on hand. A short probe 0.720 t 0.002 inch in diameter was used in two tubes with 12 inch radius bends to simulate the sharpest bends in the IHX. Any reduction in probe diameter should be expected to reduce sensitivity to discontinuities, and to increase probe motion signals. Any local variations in the permeability or conductivity of the tubing material should be expected to introduce extraneous signals.
DISCUSSION
The selection of eddy current NDT equipment and techniques for in-service examination of IHX tubing should be guided by design criteria such as those in Table I . Although these criteria may change as more boundary conditions become known, these criteria provide a basis for decisions on the acceptability of various techniques and provide a reference for future improvements.
Experimental investigations were conducted to determine the applicability of single and multi-frequency eddy current tests for the in-service inspection of IHX tubing. The following sections contain a discussion of methods, data, and results obtained.
Single Frequency Tests
Single frequency eddy current NDT equipment is commercially available, and is widely used for discontinuity detection in water/water heat exchanger tubing. This type of equipment induces eddy currents in the tube by inductive coupling between the probe and the tube. The eddy current density is greatest at the surface, closest to the probe and drops exponentially with depth. The depth at which the eddy current density has dropped to 1/e, or 37% of the current density at the surface, is referred to as the Standard Depth of The operating frequency for a single frequency eddy current test of IHX tubing 2 can therefore be calculated from f = 282/6 . This relationship is shown in Figure 1 .
An experimental arrangement of single frequency ET equipment, typical of that used to obtain data on IHX tubing examination, is shown in Figure 2 . The primary objective of this examination is to detect crack type discontinuities in installed IHX tubing.
2.
The secondary objective is to detect abrupt wall thickness changes such as night be caused by corrosion or tube/support plate interface wear.
3. The measurement of absolute wall thickness is not considered an essential objective.
4.
It should be possible to conduct the test vertically (such as in an installed IHX with the head removed) or horizontally (such as in a tube bundle, lying on its side, in a repair shop).
5. The equipment should be capable of determining the longitudinal location of detected discontinuities with an accuracy of + 1 inch or less.
6.
The test should be capable of determining whether the discontinuity originates on the inner or outer surface of the tubing, and provide an estimate of its depth.
7.
The capability to detect discontinuities under tube support plates is desired, if possible.
8.
The detection of significant discontinuities should not be degraded excessively by interferring signals from irrelevant conditions such as probe motion, tube support plates, sodium deposits, etc.
9.
Although it is not necessary to interpret test data taken in either tube sheet, it is desirable to extract any discontinuity information possible from the internal bore welds.
10.
Commercially available equipment should be utilized to the maximum possible extent.
11.
Reproducible results should be obtainable with different qualified operators using a written test procedure.
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FIGURE 13
Solder Area on Tube OD Solder Ring on Tube ID FIGURES 11-14. Waveforms of Single-Frequency Signals from Sodium Deposits ( 11 and 12) and Solder Deposits (13 and 14). The 100 kHz single frequency test has been shown to be sensitive to:
(1) holes on the inner and outer surfaces and through the wall, (2) If all sodium can be removed from the inner surface of the tubes, it may be useful to conduct a single frequency test at a higher frequency (approximately 1 MHz) to obtain reduced penetration. This test should detect discontinuities on the inner surface and some large discontinuities on the outer surface which penetrate nearly through the wall. This test might not detect all deep outer surface discontinuities because they could be filled with sodium.
It should not be expected to detect minor discontinuities or support plate wear on the outer surface.
Multi-frequency Tests
Although they are extremely useful in many simple applications, single frequency eddy current tests are limited in their ability to separate variables which may occur simultaneously (such as signals from significant defects, support plates, sodium deposits, probe motion, etc.). Multi-frequency eddy current test techniques (sometimes referred to as "multiparameter" tests)
offer the potential of better variable separation, because they use more independent driving functions but they are usually more complicated to set up and operate.
Multiparameter eddy current test equipment is not commercially available.
The data for this study was obtained with HEDL laboratory equipment. This Figure 20 . e. Probe must not get caught at the bottom of the tube.
Mechanical Requirements Related to the Eddy Current Test
a. Sensing coils should be centered within the tube as much as possible.
b. Probe should allow minimum lateral motion.
c. Probe should be pulled at nearly constant speed (if differentiated data recording is used).
d. Probe must not be corroded by sodium or sodium oxides.
Mechanical Requirements Related to Convenience and Safety of IHX and Personnel
a. Probe must not scratch tubes.
b. Probe must not get stuck or break off In the IHX.
c. Probe must not leave corrosion or contamination in the IHX.
d. Probe must not get too radioactive or thermally hot to handle during testing.
e. Probe must be capable of decontamination after use.
f. Probe must be compatible with automatic probe Insertion equipment, if used.
g. Probe must be rugged enough to withstand mishandling.
*Only applies if sodium cannot be cleaned from the tube ID. A recent HEDL study^^' predicted the radiation fields in this area to be high enough to Interfere with contact maintenance. This study indicated that:
(1) the radiation levels due to activated corrosion products will probably be in the range of 1-15 R/hour for points within the heat transport system (HTS) cell, and (2) the dose rates near the IHX are among the highest in the HTS cell because the IHX contains about 70% of the deposition area in the HTS cell.
A previous HTS engineering maintenance study showed that 200 mR/hour must be regarded as an upper limit for radiation exposure because "it is administratively impractical to perform maintenance work in radiation fields of 200 mR/hour or greater."
These factors suggest that, if eddy current in-service examination of a significant number of IHX tubing is to be performed, special techniques and equipment will be required. The design criteria for remote tube probing equipment that could be positioned on the upper tube sheet to perform eddy current testing with minimum personnel exposure Is given in Table III .
An artist conception of this equipment in operation is shown in Figures 43 and 44.
Physical Standards
Physical standards or comparison samples containing artificial discontinuities with known shapes and dimensions are necessary as a basis for estimating the size of the natural discontinuities detected. Table IV gives criteria for the design or selection of physical standards for ET examination of IHX tubing. If the bend region is to be tested, the physical standards should include a bend region representative of the smallest radius to be encountered.
Appropriate artificial discontinuities (of known size and shape) should be located in the bend region of the physical standard to ensure that they can be reliably detected In the presence of the bend. only can be conducted using a frequency high enough to minimize sensitivity to support plates and/or sodium on the outer tube surfaces.
A two-frequency multiparameter technique reduced the effect of signals
from the tube support plates and sodium on the outer tube surface, but was too sensitive to probe motion for practical use in this application.
4.
A four-frequency multiparameter technique reduced the effect of signals from tube support plates, sodium on the outer surface, and probe motion.
This technique should be usable for the examination of IHX tubing if the inner surface of the tube can be cleaned of sodium. It should be noted, however, that, even though the multiparameter technique can be used to discriminate against signals from support plates and sodium deposits on the outer surface, it is possible for sodium which has flowed into a discontinuity to reduce or modify the shape of the signal from that discontinuity. Thus, it is possible that a significant sodium-filled discontinuity might not be detected.
5.
No eddy current technique was found during this investigation which was insensitive to the presence of sodium on the inner tube surface.
6.
For the best eddy current test results, the tubes should be thoroughly cleaned, at least on the inner surface, prior to examination.
